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Protein Expression and Purification
Preparation of constructs and protein purification is done by following previous protocols 1 .
Full length SM50 and also the CTLD and GRR domains are intracellularly expressed as 6XHis-SUMO-fusion products in Escherichia coli BL21 CodonPlusRIL (Stratagene, Agilent Technologies). After cell lysis, the CTLD was purified from the soluble fraction by Ni 2+ -NTA affinity chromatography. The full-length protein and GRR domains are purified from the respective urea (6 M)-solubilized cell pellet fractions. The purified proteins are profusely dialyzed against either milliQ water, HEPES buffer (10 mM) supplemented with sodium chloride (20 mM), or carbonate buffer (10 mM). Final protein contents are estimated by using a Bradford assay in a microtitre plate format. All protein additives present an N-terminal SUMO tag to aid protein expression. In absence of the tag, protein toxicity lead to poor protein yields.
Mineralization/Demineralization experiments
Potentiometric titrations and corresponding data analyses are performed by following established protocols 2 . By using a software-controlled titration system (Metrohm GmbH), calcium chloride (10 mM) is dosed at a constant rate of 0.01 mL/min to a carbonate buffer (10 mM) containing an additive (at either 0.1 or 1 mg/ml). During the measurements, the pH and free Ca 2+ contents are monitored by utilizing a flat-membrane glass electrode and an ionselective electrode, respectively. A constant pH is maintained by the automatic counter-titration of sodium hydroxide (10 mM). Corresponding reference and calibration experiments are also performed.
Spines of adult Strongylocentrotus purpuratus specimens (MBL, University of Chicago) are cleaned with cold hypochlorite (2%), followed by several rinses with DI water. The biomineral is demineralized for 1 h in acetic acid (10%) solution. The reaction is quenched using Tris buffer (500 mM, pH 7.8) followed by prolonged dialysis of the mixture against Tris buffer.
The resultant mineral structures are investigated (Fig. 1 ).
Biochemical Studies
CD spectra are measured by using a spectropolarimeter (Jasco 715) with a Peltier temperature control unit (Jasco Hachioji, Tokyo, Japan) and quartz cuvettes. The spectra are recorded at 0.5 nm intervals between 190 and 240 nm at 20°C at a 20 nm/s scan rate. Secondary structure compositions were predicted from the spectra by using K2D3. Western blots utilize rabbit derived primary antibodies in form of either an anti-SM50 antiserum 3 or a CTL-specific serum fraction produced by reverse immunoaffinity chromatography. Commercial Type VI collagenase (Worthington Biochemicals) is used for biochemical assays.
Solution and Structural Studies
Sedimentation velocity experiments utilize a XL-I ultracentrifuge (Beckman Coulter Inc.) operated in absorbance mode. Collected at 25°C, the data are analysed using the program SEDFIT 4 (version 9.4) to generate sedimentation coefficient and molar mass distributions. Double sector titanium centrepieces were filled with protein solutions (absorbance of 1 OD at 280 nm) and corresponding buffer references. For determining frictional coefficients (f/f o ), 2-dimensional spectrum analysis (2-DSA, Monte Carlo) are performed with 20 iterations and a grid resolution of 3600 by using Ultrascan III 5 . The axial ratios for given frictional ratios are also simulated. Density gradient experiments are performed in sucrose gradients. The nucleated mineral particles are dispersed in sucrose solutions (63%, density ϱ= 1.304 g/cc) and then fractionated in an AUC operated for 16 h until equilibrium was reached, with absorption scans at 280 nm.
Mineral products are analyzed using a Zeiss Axio Imager-M2m polarization microscope in transmission mode. Quantitative birefringence microscopy is also performed (Abrio CRi).
Cryo-TEM is performed by blotting a drop onto a lacey carbon film covered Cu grid and vitrified by plunging into a liquid ethane bath in a temperature controlled cryo-box (Zeiss Microscopy, Jena, Germany). The vitrified specimens are examined in a Zeiss/LEO EM922Omega EFTEM instrument (Zeiss Microscopy, Jena, Germany). Images are recorded with a slow scan CCD camera (Ultrascan 1000, Gatan, Munich, Germany) using a software package (Digital Micrograph, Gatan, Munich, Germany). TEM imaging utilizes a Libra 120 (Zeiss SMT GmbH) instrument operated at 120 kV with a beam current of 4 μA. An atomic force microscope (AFM, Nanowizard, JPK Instruments) with silicon nitride cantilevers is operated in scanning mode to retrieve height and phase images. Liquid cell scanning transmission electron microscopy (STEM) experiments utilize a Poseidon 200 liquid flow cell holder (Protochips Inc.) and an aberration corrected Jeol 2200 FS. The microscope is operated at 200kV using a high-angle annular dark-field scanning (HAADF-STEM) detector. Pictures were recorded using a K2camera of a physical resolution of 1024 x 1024 pixels 2 at dwell time of 18 µs per pixel resulting in a scan time of 1.5 s per frame giving an electron dose of 8.8×10 5 e/nm 2 . Videos were acquired using the Camtasia software allowing for the capture of live-view images using Digital Micrograph (JEM 2200). Capture were down-sampled to 512 x512 pixels 2 and stored at 2 fps. Mineralization conditions are described in section S9C.
Thermogravimetric analyses (Netzsch, Selb, Germany) are performed by heating from 293 to 1273 K at a heating rate of 5 K/min under a constant oxygen flow. Thickness of protein films are estimated by using an EP 3 SW ellipsometer (Nanofilm Technologies, Gottingen, Germany).
Films are prepared on Si100 substrates by drop casting, followed by water rinses. SiO 2 thickness is measured using blank Si100 substrates. Ψ and ∆ values are estimated from the change in intensity and phase of the incident and reflected light at different angles of incidence.
Liquid cell STEM of mineralization in the presence of biomineralization proteins.
For the protein-controlled mineralization reactions, the sample observation was carried out through two 500 nm thick silicon nitride membranes with a total accessible area of 550x50 µm with a nominal thickness 500 µm. 10 nm axial length gold nanorods were added to the top membrane to have a marker. The two solutions used are: (1) a mixture of sodium bicarbonate (9 mM), sodium carbonate (1 mM) and the protein additive (1 mg/ml) and (2) calcium chloride (10 mM). A droplet (3-5 µL) of solution 1 was sandwiched onto the surface of the top silicon nitride membrane and the holder was assembled. Then, the two different solutions were continuously pumped through the cell by a syringe pump (Harvard Apparatus Inc.) at a flow rate varying from 10 to 300 µL/h. In presence of the proteins, the dynamics of mineralization are retarded possibly due confinement effects 6 and representative snapshots of the mineralization reactions are shown (Fig. 2e) . Vesicles formed during CTLD-regulated mineralization are depicted in Supplementary Video 1. As considered in Supplementary Section 6, the vesicles present homogenous core compositions. For SM50-controlled mineralization, the two solutions used are: (1) a mixture of sodium bicarbonate (9 mM), sodium carbonate (1 mM) and the protein additive (1 mg/ml) and (2) calcium chloride (10 mM) and the protein additive the calcium chloride solutions are supplemented with Type VI collagenase (10 μg/ml). Figure S1 . Chromatography matrices are prepared using vinylsulfone based chemistry 11 and the Western blots are developed by using a primary anti-SM50 serum fraction 3 . Note the stabilization of a dimeric form of the CTLD, after interactions with its sugar ligand, GlcNAc. Figure S4C . Coomassie Brilliant Blue stained CTL assemblies representing (A) sheet-like and (B) the rolling of these sheets to tube-like micro-structures. Self-association occurs in mixtures of SUMO-CTL (1 mg/ml) and CaCl 2 (10 mM), upon aging at 4°C for 1 week. Equation (1) is used to determine the buoyant density of particles
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where the density ( corresponds to a radial distance , ω is the angular velocity and is ) the radial distance corresponding to the hinge point. The value for 63% sucrose is determined using calibration measurements and the calculated iso-concentration/hinge point, described below.
For calibration measurements, the determined radial distance for polystyrene nanoparticles in a 63% sucrose gradient is 6.739 cm (Fig. S6A (e) ) and this distance corresponds to a density of 1.05 g/cc.
The iso-concentration/hinge point is determined to be 6.88 cm by using the equation, (4) and (6) Using information from Figure S6A , the density of the amorphous core and the protein shell thickness are determined. For these estimations, we assume that the vesicles are perfect spheres with an organic shell and a mineral core of respective homogenous compositions. As an example, for vesicles 100 nm in radius and shells of nm thickness, volume of core and ( ) shell ( can be expressed as: )
Secondly, the ratio of the core and shell masses can be expressed as:
where is the density of the core. The shell density, is determined from = 1.40 / We also apply a mass balance for an individual core-shell particle,
Since the total density of a particle is , can be determined for (6) In view of the vesicle radii in the range of 75 to 125 nm ( Figure S6A ), the corresponding solutions for equations and are plotted in Figure S6B .
The thickness of GRR monolayers is determined to be 2.8 nm from ellipsometry measurements.
The data fit corresponds to a three layer model of silicon, silicon dioxide and an uppermost protein monolayer, considering a refractive index of the protein as 1. 
